The Celtic Sea is a productive temperate sea located on the Northwest European Shelf. It is an important pathway for the delivery of land-derived material to the North Atlantic Ocean, including dissolved organic matter (DOM). The aim of this study was to determine the seasonal and spatial variability in the magnitude, source and composition of DOM at three sites representing on shelf, central shelf and shelf edge regions in the Celtic Sea, using observations collected during the UK Shelf Sea Biogeochemistry (SSB) research programme (November 2014 -August 2015. The concentration of dissolved organic carbon (DOC) alongside DOM absorbance and fluorescence indices were measured and fluorescence Excitation and Emission Matrices (EEMs) combined with Parallel Factor Analysis (PARAFAC) were used to assess DOM composition and lability. The PARAFAC model identified four unique fluorescent components for autumn (November 2014), winter (March 2015), spring (April 2015) and summer (July 2015) consisting of two humic-like components attributed to terrestrial (C1) and marine sources (C2), and two protein components identified as tyrosine-like (C3) and tryptophan-like (C4) attributed to in situ production. DOC varied seasonally and there were strong cross shelf trends. The protein components (C3 and C4) exhibited large seasonal and within season variability particularly during productive periods. In contrast, there were persistent cross shelf gradients in the CDOM absorption coefficient at 305 nm (a305), the UV specific absorbance at 280 nm (SUVA 280 ), the humification index (HIX), and the humic-like fluorescent components (C1 and C2), which were higher in the on shelf region and decreased towards the shelf edge. The humic-like components and the slope ratio (SR) were significantly correlated with salinity throughout all seasons, indicating a strong influence of terrestrially-derived organic matter in the Celtic Sea, with potentially up to 35% of DOC in the central shelf during winter originating from terrestrial inputs. Results from this study illustrate the importance of monitoring DOM quantitatively and qualitatively for a better understanding of the supply, production, cycling and export of this dynamic organic carbon pool in shelf seas.
Introduction
Dissolved organic matter (DOM) is the largest pool of organic material in the ocean, storing up to fifty times more carbon (C) than that stored in the particulate pool (POC 18 ± 5 × 10 15 g C (Eglinton and Repeta, 2006) . The amount of dissolved organic carbon (DOC) in the ocean (685 × 10 15 g C) is comparable to the amount of carbon as CO 2 in the atmosphere (Hansell and Carlson, 1998, Hansell et al., 2009)) . DOM is produced autochthonously by plankton in the surface ocean during primary and secondary production (Hansell and Carlson, 2001, Hansell et al., 2009) , with substantial amounts being released or exuded by phytoplankton (Hygum et al., 1997 , Jiao et al., 2010 .
Mesozooplankton mediate the release of DOM and up to 50% of suspension filtered food can be released as DOM during grazing activity (Hygum et al., 1997) . Viral cell lysis (Suttle, 2005 , Suttle, 2007 and bacteria (Jiao et al., 2010) cause DOM release from particulate organic matter (POM). Rivers are also an important source of externally supplied DOM from terrestrial origin to the marine environment. Syntheses of past and recent global estimates show that rivers, as part of the landocean continuum, contribute around 0.25 × 10 15 g C yr −1 to the global ocean as DOC (Hedges et al., 1997 , Cai, 2011 , Raymond and Spencer, 2015 .
In the upper 100 m of the open ocean, DOC concentrations vary from 34 to 80 µM (Sipler and Bronk, 2015) . DOC concentrations are higher in coastal and continental shelf regions, reaching up to 140 µM in coastal waters at a salinity greater than 35 (Barron and Duarte, 2015) . The strong inverse relationship between salinity and DOC in estuarine and coastal environments (Barron and Duarte, 2015) , continental shelf seas (Mendoza and Zika, 2014) and the open ocean (Kowalczuk et al., 2013) highlights the importance of land as a source of DOC in the marine environment. Employing the empirical relationship reported in Barron and Duarte (2015) , 9 μM of DOC is lost when salinity increases by 1 unit.
Heterotrophic utilisation and remineralisation is the largest biotic sink of DOC in the aerobic ocean (Hansell et al., 2009) . As the most abundant microorganisms in the surface ocean, bacterioplankton help shunt DOM towards the microbial loop where it is remineralised to its inorganic constituents i.e. dissolved inorganic carbon (DIC), DIN and DIP (Hansell and Carlson, 2015) .
Knowledge of the composition of DOC is important for understanding how DOC is cycled in the water column and identifying the sources and sinks (Hansell and Carlson, 2015) . However, determining the source, composition and lability of DOC is not straightforward, and requires analytically complex geochemical techniques, for example, to distinguish between high molecular weight compounds and humic substances , or to unravel DOM molecular complexity (Stubbins et al., 2014) . A simple approach is to use vertical distributions to infer bulk properties of DOM. In the open ocean, DOC at 1000 m is considered to be refractory and can thus be subtracted from surface ocean DOC concentrations to reveal the partitioning of DOC into labile, semi-labile, semi-refractory, refractory and ultra-refractory pools (Hansell, 2013, Hansell and Carlson, 2015) . However, in the shelf seas, this simple view does not work due to (a) the vertical exchange between the shallow surface mixed layer (SML) and bottom mixed layer (BML) by tides and turbulent mixing which smears out vertical gradients in DOM (b) multiple sources of DOM, for example, from freshwater inputs and sediments and (c) strong productivity events (spring and autumn blooms) or interactions (grazing pressure) that consume or release DOM. Thus, alternative approaches must be used to better understand the dynamics of DOM in shelf seas, as well as its source and lability.
A number of studies (Hopkinson and Vallino, 2005, Barron and Duarte, 2015) highlight the importance of DOM in biogeochemical nutrient cycling and DOC on global carbon export. However, DOM production and composition in shelf seas and the subsequent export of carbon at continental margins is less well understood (Liu et al., 2010) . This study extends the application of EEM and PARAFAC modelling, a technique commonly employed across a wide range of aquatic and marine environments (Stedmon et al., 2003 , Yamashita and Tanoue, 2003 , Yamashita et al., 2011 to the seasonally stratified, temperate Celtic Sea region in the Northwest European Shelf. Here, for the first time, we use a combination of measurements on DOC concentrations alongside DOM absorbance and fluorescence EEMs coupled with PAR-AFAC modelling to assess the source and lability of DOM on seasonal time scales at three physically distinct sites in the Celtic Sea. Our goal was to assess the contribution of land-derived DOC to the DOM pool in the Celtic Sea and to determine how lability was affected by productivity events in the Celtic Sea.
Materials and methods

Sampling
As part of a Natural Environment Research Council (NERC) funded SSB programme, cruises were conducted between November 2014 and August 2015 on the Northwest European Shelf region and in the North Atlantic (Fig. 1) , aboard the RRS Discovery. Seawater samples were collected during four cruises, November 2014, March 2015, April 2015 and July 2015, representing autumn, winter, spring and summer respectively. Samples were collected from three stations representing on shelf (Site A), the Central Celtic Sea (CCS) and shelf edge regions. Seawater samples were collected at discrete depths ranging from 3 to 242 m using Niskin bottles attached to a rosette frame with a sensor package consisting of a Sea-Bird conductivity-temperature-depth (CTD) sensors and fluorometer. Sensors were calibrated using discrete samples collected during each cruise and fluorescence was calibrated to chlorophyll a mg m −3 by analysis of extracted samples filtered through Whatman glass fibre filters (GF/F, nominal pore size 0.7 µm) as described in (Mayers et al., this issue) . The determination of dissolved inorganic nutrients are described in (Humphreys et al., this issue) . The depth of the base of the thermocline was defined as the depth at which temperature deviated by > 0.05°C from the lowest temperature. Below the base of the thermocline was defined as the bottom mixed layer (BML) and above the base of the thermocline was defined as the surface mixed layer (SML).
DOC and DOM fluorescence and absorbance
Samples for measurement of DOC were collected by filtering seawater through a combusted glass fibre filter (GF/F) under low vacuum pressure (< 10 mm Hg). Samples were preserved with 20 µL of 50% (v/ v) hydrochloric acid and analysed onshore using high temperature catalytic oxidation (HTCO) on a Shimadzu TOC-V CPN . The limits of detection for DOC were 3.4 µM with a precision of 2.5%. Consensus Reference Materials from the Hansell laboratory, Miami were analysed daily with a mean and standard deviation for DOC of 43.9 ± 1.2 µM (expected range 42-45 µM; n = 39). DOM samples collected for fluorescence and absorbance measurements were immediately filtered through a GF/F as above. In addition, samples were filtered through 0.2 µm polycarbonate filters under low vacuum pressure (< 10 mmHg), and stored in the dark at 5°C until on-board analysis within five days of collection.
Fluorescence and absorbance
Excitation emission matrices (EEMs)
Water samples were brought to room temperature and fluorescence measurements were obtained using a spectrofluorometer (Horiba FluoroMax-4). Scan settings were configured for emission from 290 to 600 nm at 2 nm increments, excitation between 250 and 450 nm at 5 nm increments and band width set to 5 nm for both excitation and emission monochromators. Fluorescence spectra were acquired in instrument corrected mode (S1c/R1c) at 0.25 s integration time. EEMs were corrected by subtraction with Milli-Q water blank analysed daily, and for inner filter effects using sample absorption spectra measured using a UV-Vis spectrophotometer (Shimadzu 1650PC). EEMs were calibrated against the area under the water Raman peak (excitation at 350 nm) from Raman scans analysed daily and the resultant spectra are in Raman Units (R.U.). EEM corrections and calibrations were carried out using the drEEM (0.2.0) MATLAB toolbox (Murphy et al., 2013) .
PARAFAC modelling
The three way EEM spectra of DOM fluorescence are modelled using a multi-way data analysis that decomposes the data matrix into a set of trilinear terms and a residual array (Eq. (1), The PARAFAC Model). The model was fitted to minimise the sum of squared residuals (Andersson and Bro, 2000, Stedmon et al., 2003) .
For analysis of EEM spectra, χ ijk is the fluorescence intensity for the ith sample at emission wavelength j and excitations wavelength k. The f corresponds to individual PARAFAC components and each component has a-values (scores) for each sample, b-values (emission loadings) for each emission wavelength and c-values (excitation loadings) for each excitation wavelength, where b and c are scales estimates of emission and excitation spectra at wavelengths j and k respectively. Variability within the EEM spectra not captured by the model is contained in the data array e ijk . For a detailed description of employing PARAFAC modelling, principles and approaches, and applying equation 1 to three way data arrays see (Bro, 1997 , Stedmon and Bro, 2008 , Murphy et al., 2013 .
The fluorescent components of the corrected and calibrated EEM spectra were modelled using Parallel Factor Analysis (PARAFAC) following the methods as described by (Murphy et al., 2013) . The PAR-AFAC modelling was carried out using MATLAB 8.3.0.532 (R2014a) with the DOMFluor toolbox and data sets from each cruise were inserted into the model separately. EEMs were corrected and calibrated using the drEEM (0.2.0) MATLAB toolbox (Murphy et al., 2013) . To reduce random noise introduced from lower wavelengths and secondary Raman and Rayleigh scatter, PARAFAC models were applied to a reduced EEM range of 270-450 nm and 290-500 nm for excitation and emission wavelengths respectively. Each data array consisted of between 106 and 198 samples with 37 excitation and 106 emission wavelengths. For each dataset, models were initially fit using between two and six components, and the number of components were selected when a reasoanble fit above 97% was obtained. To ensure a least squares and global solution, the estimated fluorescent DOM components identified in each dataset were validated using random initialisation and split half analysis (Stedmon and Bro, 2008) .
DOM fluorescent component assignment
3D fluorescense and the resolved excitation and emission spectral loadings of the components identified by the PARAFAC model are shown in Fig. 2 , while Table 1 summarises spectral characteristics with references to comparitive components identified globally from coastal, shelf sea and oceanic environments. Components were assigned to terrestrial UVC humic material of allochthonous orign (C1), UVA humic-like of both terrestrial and marine origin (C2), and two proteinlike components tyrosine (C3) and tryptophan (C4) of biological autochthonous origin. The DOM pool is a complex mixture of organic molecules in which a fraction absorbs light (CDOM) and a sub fraction of this absorbing pool emits light as fluorescence (FDOM). Assigning source and lability based on DOM fluorescence alone is challenging as an increasing number of studies have indicated that humic-like fluorescence can result from diagenesis of DOM regardless of source i.e. autochthonous and allochthonous (Lu et al., 2015) , as well as production from microalgae (Jorgensen et al., 2011 , Bai et al., 2017 and picocyanobacteria produced humic-like fluorescence found in the deep ocean (Zhao et al., 2017) . The characterisations assigned to PARAFAC modelled DOM components identified in this study are based on their spectral characteristics and on published comparable studies of component fluorescence spectra, behaviour and distribution, across the freshwater-marine continuum including but not limited to (Kowalczuk et al., 2013 , Mendoza and Zika, 2014 , Pitta et al., 2016 .
Spectral indices
Water samples were allowed to reach room temperature and absorbance measurements were obtained using a UV-Vis spectrophotometer (Shimadzu 1650PC). The instrument baseline correction was performed before sample analysis. Chromophoric dissolved organic matter (CDOM) absorbance was measured from 250 to 800 nm at 1 nm increments (2 nm, slit width) with Milli-Q water as the reference blank. Raw absorbance was corrected for instrument drift, temperature effects, scattering and refractive effects by subtracting the average absorbance between 700 and 800 nm from the absorbance spectrum (Green and Blough, 1994 
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where a is the absorption coefficient in m −1 at a reference wavelength,
A is the raw absorbance at the reference wavelength and l is the path length of the cell in metres. As a measure of CDOM concentrations, the absorption coefficient at 305 was chosen for comparison with results from previous work in the Celtic sea region (Kowalczuk et al., 2013) . The spectral slope coefficient of CDOM, S, is a descriptor of CDOM absorbance spectra and is inversely proportional to molecular weight, and used to characterise DOM composition (Stedmon and Nelson, 2015) . For this study, S was calculated between 300 and 650 nm using a non-linear regression technique according to (Stedmon et al., 2000) . This range was chosen as it is within the wavelength range that captures changes in CDOM composition due to production and photochemical alterations (Nelson and Siegel, 2013) , and it is relevant to remote sensing applications . The spectral slope ratio (SR) of the absorbance spectra is used as an indicator of the molecular weight (MW), source and photobleaching of CDOM (Helms et al., 2008) . For this study, the slope coefficient values for slopes between 275 and 295 nm, and between 350 and 400 nm were obtained from linear regression of log transformed absorbance spectra using MATLAB 8.3.0.532 (R2014a). The SR was then calculated as the ratio between the two slopes. Low SR values are generally attributed to higher MW DOM of terrestrial origin e.g. ∼0.7 for terrestrial and ∼1.1 for estuarine and coastal samples, while increases in SR values can be photochemically induced and decreases due to microbial processing (Helms et al., 2008) . The specific ultraviolet absorbance (SUVA) is calculated by normalising decadic absorption to DOC concentrations and has been shown to be is positively correlated with molecular weight and an indicator of aromaticity of aquatic humic substances (Weishaar et al., 2003) . Here SUVA was calculated at 280 nm (SUVA 280 ). The humification index (HIX) was calculated according to (Zsolnay et al., 1999) as the ratio of emission 434-480 nm to the peak emission area 300-346 nm at 254 nm excitation. The HIX is an indicator of humic substances and extent of humification of organic matter (Hansen et al., 2016) . High HIX is characterised by high molecular weight humic acids (Zsolnay et al., 1999 , Kowalczuk et al., 2013 and higher values indicate greater humification of the source material (Ohno, 2002) . The fluorescence index (FI) was calculated according to (McKnight et al., 2001) as the ratio of emission at 450 nm to emission at 500 nm at 370 nm excitation. The FI is used to differentiate between microbially derived fulvic acids, index value ∼1.9, and terrestrially derived fulvic acids, index value ∼1. 4 (McKnight et al., 2001) . The biological index (Kowalczuk et al., 2013) a Coble (1996) .
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(BIX) was calculated according to (Huguet et al., 2009) as the ratio of emission at 380 nm to emission at 430 nm at 310 nm excitation. The BIX is an indicator of freshly produced autochthonous DOM, with higher values indicating a higher proportion of fresh DOM (Huguet et al., 2009 , Hansen et al., 2016 .
Statistical analysis, correlations and linear regressions
Statistical analysis was performed using SigmaPlot version 13.0, Systat Software, Inc. SigmaPlot for Windows. Paired t-tests were used to determine significant differences for groups of data between sites and seasons, and the Mann-Whitney Rank Sum Test was used when data was not normally distributed. Differences were deemed statistically significant when the p value was < 0.05. Linear regression analysis was used to identify significant correlations between parameters and correlations deemed significant when p values of regression coefficients were < 0.05.
Results
Seasonal and spatial variation in hydrography, chlorophyll a and inorganic nutrients
The seasonal and vertical variation in salinity, temperature and chlorophyll a ( Fig. 3a-i ) and nitrite plus nitrate (N + N) for the three stations sampled in the Celtic Sea highlight the seasonality observed at each site.
At Site A, surface waters were cooler and fresher in winter and spring than in autumn, and remained fresher with increasing temperatures in summer ( Fig. 3c and f, and Table 2 ). Surface salinity varied seasonally by 0.5. Temperature gradients between the SML and BML in autumn (0.87°C), winter (0°C) and spring (1.04°C) were small indicating either a completely mixed or weakly stratified water column. In contrast, the SML-BML temperature difference was 5.61°C in summer, indicating a stratified water column. Mean surface chlorophyll a concentrations were highest in spring and autumn, respectively, indicative of bloom events, and were low in summer and winter ( Fig. 3i and Table 2 ). Subsurface chlorophyll maxima (SCM) were evident in summer, with concentrations reaching 1 mg m −3 within the SCM compared to 0.44 mg m −3 at the surface. There were strong vertical gradients in nitrate between the SML and BML in autumn (6 µM), spring (7.4 µM) and summer (9.5 µM) but gradients were weak in winter (0.11 µM, Fig. 4c ). At CCS, surface waters were cooler and fresher in winter and spring than in autumn, with higher temperature and salinity in summer ( Fig. 3b and e, and Table 2 ). The water column was stratified in autumn and mixed in winter. Surface salinity varied seasonally by 0.1. The onset of stratification occurred in spring when the difference in temperature between the SML and BML ranged between 0.52°C and 1.29°C, compared to 5.91°C in summer when the water column was strongly stratified. Mean surface chlorophyll a concentrations were highest in spring and autumn, respectively, indicating seasonal bloom events, and were low in summer and winter ( Fig. 3h and Table 2 ). SCM were evident in the summer, with concentrations reaching 0.73 mg m −3 at the peak of the SCM. Again, there were strong vertical gradients in nitrate between the SML and BML in autumn (8 μM), spring (5.5 μM) and summer (8.5 μM) but gradients were weak in winter (0.14 μM) and early spring (1.1 μM, Fig. 4b ).
At the shelf edge site, surface waters were cooler in winter and spring than in autumn, with increased temperature in summer ( Fig. 3a and d, and Table 2 ). Surface salinity varied seasonally by 0.05. The water column was mixed in winter and stratified in autumn, with weak stratification in spring. In summer, the water column was strongly stratified, with the difference between SML and BML temperatures reaching 4.34°C, compared to 1.87°C in autumn and < 1°C in spring. Surface chlorophyll a concentrations were highest in spring at 1.28 mg m −3 (mean 0.75 ± 0.46 mg m −3 ) and summer 0.86 mg m −3 , and lowest in winter at 0.38 mg m −3 ( Fig. 3g and Table 2 ). SCM were not observed at the shelf edge in summer. Again, there were strong vertical gradients in nitrate between the SML and BML in autumn (6 μM) and summer (9.4 μM) but gradients were weak in winter (0.1 μM) and spring (0.9 μM, Fig. 4a ). Surface waters were consistently cooler and fresher at Site A compared to CCS and the shelf edge throughout all seasons (Table 2) . Cross shelf surface temperature gradients were strongest during winter (by 2.04°C) and weakest in summer (by 0.71°C). Conversely, the cross shelf gradient in surface salinity was most pronounced during summer (0.82) and weakest during autumn (0.36). Surface chlorophyll a concentrations were highest at Site A in spring (0.96 mg m ), at CCS in summer (0.14 mg m −3 ) and at the shelf edge in autumn and spring (0.59 mg m −3 and 0.36 mg m −3 , respectively). There was a strong cross shelf gradient in N + N in the BML, with the highest concentrations (> 10 μM) and lowest concentrations (6.4 μM) at CCS (Fig. 4b ).
Seasonal and spatial variation in DOC and PARAFAC modelled DOM components
Vertical gradients in DOC were weak except at Site A during autumn and the shelf edge during summer ( Fig. 4f and d) . The spatial and seasonal gradients in DOC were stronger than the vertical gradients and thus, to compare between sites and seasons, DOC measurements were integrated and depth-averaged ( Fig. 5 and Table 2 ). The statistical significance of seasonal and spatial patterns are reported in Supplementary Tables 1 and 2 .
At Site A, DOC was highest in autumn (84 μM ± 0.7 μM) and lowest in summer (63 μM ± 1.1 μM) (Fig. 5 , Table 2, and  Supplementary Table 1) . At CCS, DOC concentrations were highest in spring (69 μM ± 1.3 μM) and lowest in summer (63 μM ± 1.1 μM) (Fig. 5 , Table 2, and Supplementary Table 1) . At the shelf edge DOC concentrations were highest in summer (73 μM ± 1.1 μM) and lowest in winter (64 μM ± 1.1 μM) (Fig. 5 , Table 2, and Supplementary  Table 1 ). There were strong seasonal cross shelf gradients in DOC, with DOC being higher at Site A and declining towards the shelf edge in autumn (by 19%, p > 0.05) and winter (by 21%, p < 0.05). In contrast, DOC was higher at the shelf edge and declined towards Site A in spring (by 3%, p > 0.05) and summer (by 14%, p < 0.05).
As with DOC, vertical gradients in DOM components were weak. Fluorescence intensity of the humic-like components, C1 (Fig. 4 g, h and i) and C2, was generally lower in the surface at all sites and increased with depth. For example, C1 increased with depth by 41% at Site A during spring, indicative of photodegradation in surface waters. The protein-like components varied with depth similarly to DOC, and were generally higher in the surface than at depth. Overall, components displayed profiles typical to those found in global trends (Jorgensen et al., 2011) . However, seasonal variability (Fig. 6 ) and cross shelf gradients were more pronounced (Table 2 ) therefore water column measurements of fluorescence intensity were averaged for comparisons between seasons and sites.
At Site A, CCS and the shelf edge, C1 was highest in winter and lowest in summer, except at the shelf edge, when C1 was lowest in autumn ( Fig. 6a-c , Table 2 and Supplementary Table 1 ). There were no consistent clear seasonal trends at each site for C2, the marine humics component. At Site A, C2 was highest in spring and summer and lowest in autumn but differences were not significant ( Fig. 6a and b , Table 2  and Supplementary Table 1) . At CCS, C2 was highest in spring and lowest in summer but at the shelf edge, C2 was highest in autumn and lowest in spring (Fig. 6b and c , Table 2 and Supplementary Table 1) .
C1 and C2 were at least twofold higher at Site A compared to the shelf edge during all seasons, resulting in a strong and significant cross shelf seasonal gradient in humic material (Table 2 and Supplementary  Table 2 ). The dominance of C1 at Site A indicates the impact of terrestrial organic matter in this region and suggests that the distribution is the result of seasonal variability in the supply and transport and dilution of this component. There was greater variability in the seasonal rather than cross shelf trends in C3 and C4, the two protein-like components. Overall fluorescence intensity of these components were up to four times greater than the humic-like components (Fig. 6) . At Site A, there were no significant seasonal trends in C3, the tyrosine-like amino acid component. However, C3 increased from 0.020 R.U. nm ) and a 21% increase in surface DOC (from 73 μM to 94 μM) at this site over the same period. At CCS, C3 was highest in winter and more than double that of the lowest values in autumn (Fig. 6b , Table 2 and Supplementary Table 1) . During the development of the spring bloom, C3 more than doubled from 0.015 ± 0.003 R.U. nm −1 to 0.041 ± 0.012 R.U. nm −1 , and was coincident with a threefold increase in surface chlorophyll a concentrations (0.62 mg m −3 to 1.68 mg m
−3
). Conversely, C3 decreased by 50% (0.035 ± 0.006 R.U. nm −1 to 0.018 ± 0.008 R.U. nm
) over a two-week period during summer as surface chlorophyll a concentrations decreased by 22% (0.18-0.14 mg m
). At the shelf edge, C3 was highest in spring, more than treble that of the lowest values in summer (Fig. 6c , Table 2 and Supplementary  Table 1 ). In spring, C3 increased by threefold over a five hour period (0.014 ± 0.003 R.U. nm −1 to 0.048 ± 0.009 R.U. nm ), and more than doubled within a week during the spring bloom period (to ). At Site A, C4, the tryptophan-like amino acid component, was highest in summer and twice that of the lowest values in winter (Fig. 6a , Table 2 and Supplementary Table 1) . At CCS, C4 was highest in spring and twice that of the lowest values in autumn (Fig. 6b , Table 2 and  Supplementary Table 1) . Similarly to C3, C4 more than doubled over a three-week period during the development of the spring bloom (0.011 ± 0.002 R.U. nm −1 to 0.028 ± 0.007 R.U. nm −1 ), and decreased by 25% between visits one day apart in summer. At the shelf edge differences in C4 were only significant between autumn and summer ( Fig. 6c , Table 2 and Supplementary Table 1) . Similarly to C3, there were significant differences during the development of the spring bloom when C4 increased by over threefold (0.006 ± 0.000 R.U. nm ) within a week. And, coincident with C3, C4 increased fivefold between visits only five hours apart (0.006 ± 0.000 R.U. nm −1 to 0.030 R.U. nm −1 ).
Cross shelf gradients in C3 and C4 were not as clear compared with C1 and C2, and the direction of the gradient changed with each season. However, the gradient in C3 was only significant in winter and summer, when C3 was higher at CCS than at the shelf edge by 39% and 60%, respectively ( Fig. 6b and c, and Supplementary Table 2). The cross shelf 
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gradient in C4 was only significant in autumn and summer, when C4 was significantly higher at Site A compared to the shelf edge by 30% and 40%, respectively ( Fig. 6a and c, and Supplementary Table 2 ). Relative to C1 and C2, C3 dominated at CCS and the shelf edge during periods of high productivity, for example, during the spring bloom, and varied significantly with season, indicating that this protein-like DOM pool is an important autochthonous component of the DOM pool across the shelf. Table 2 Average surface temperature, salinity and chlorophyll a concentrations, integrated and depth averaged DOC, and average water column fluorescence intensity of PARFAC modelled components (C1-C4) ( ± symbols are one standard deviation of the average, thus representing the water column fluorescence variability within seasons). 
Seasonal and spatial variations in spectral and fluorescent indices
The spectral indices of absorption, the slope ratio (SR), absorption coefficient a305, slope coefficient S 300-650 and SUVA 280 , and fluorescence indices, the humification index (HIX), fluorescence index (FI) and biological index (BIX) are summarised in Table 3 . Except for a305, there were no strong vertical trends in either the spectral or fluorescence indices and thus indices were averaged over the entire water column. Note that absorbance data were not available for Site A in autumn.
For the entire data set, the SR ranged from 0.9 to 4.4 with seasonal means ranging from 1.8 ± 0.1 in summer to 3.1 ± 0.6 in autumn (Table 3) . These SR values were within the range reported for shelf near-shore and offshore regions (1.7 and 4.6, respectively) (Helms et al., 2008 , Kowalczuk et al., 2013 , Catala et al., 2015 . The lowest value of 0.9 was observed during winter and is indicative of influence of terrestrial DOM (Kowalczuk et al., 2013) . Seasonality in the SR at Site A was not significant. At CCS and the shelf edge, the SR was highest in autumn and lowest in summer (Supplementary Table 1 ). Notably the SR increased at the shelf edge during the development of the spring bloom by over 50% (from 2.2 ± 0.4 to 3.3 ± 0.5) (Fig. 7 insert bar chart) . The CDOM absorption coefficient aCDOM(λ), here depicted as a305, ranged across the entire data set from 0.16 to 1.26 m −1 , with seasonal means ranging from 0.31 ± 0.10 in winter to 0.74 ± 0.08 in summer (Table 3) . At Site A, a305 was highest in summer and lowest in winter (Supplementary Table 1 ). There were no clear seasonal trends in a305 at CCS and the shelf edge, but a305 was 23% higher in summer than winter at the shelf edge (Supplementary Table 1) .
At Site A, variability in S 300-650 was low (range of 0.001 ± 0.002) and seasonal differences were not significant. At CCS and the shelf edge, S 300-650 was highest in autumn and lowest in summer (Table 3 and  Supplementary Table 1) .
At Site A and CCS, SUVA 280 was highest in summer compared to winter and autumn. Elevated SUVA 280 in summer coincided with low DOC and humic DOM suggesting that higher molecular weight material is produced in situ during the biodegradation of labile DOM produced during summer and the preceding spring. There were no significant seasonal patterns at the shelf edge.
The SR was higher at the shelf edge site compared to Site A (by 30-36%, p < 0.05, Fig. 7, Table 3 ), resulting in a strong cross shelf Progress in Oceanography xxx (xxxx) xxx-xxx gradient in SR. In contrast, a305 and SUVA 280 were higher at Site A compared to the shelf edge (by 51% and 49%, respectively, p < 0.05), thus reversing the cross shelf gradient in comparison to the SR (Table 3) . Although the spectral slope S 300-650 values varied significantly between season (see above), the difference in the S 300-650 values were only significant in spring between Site A and CCS making it a poor descriptor of DOM composition over the spatial scales in this study.
The absolute values and range in HIX (0.11 and 3.64), FI (0.23 and 2.96) and BIX (0.71 and 1.39) are small in this study in comparison to the complete range that can occur in the natural environment. In isolation, they are of limited value in interpreting the source and dynamics of DOM but in combination with other environmental and optical data, they support our findings of strong cross shelf gradients in humic DOM but a strong seasonal trend in biologically associated DOM. At site A and CCS, HIX was highest in autumn (Table 3 and Supplementary  Table 1) , indicating DOM was more degraded and humified in autumn compared to the rest of the year. HIX was lowest in spring at Site A and lowest in winter at CCS, suggesting DOM was fresher and less humified then. At the shelf edge, HIX was significantly lower in summer than spring (Supplementary Table 1 ). FI was significantly higher at all sites in summer than in spring (Supplementary Table 2 ). The range in averaged BIX was low (0.31 ± 0.16) and generally > 1 at all sites except Site A and the shelf edge in summer, and at CCS in autumn. BIX values were in the reported range for DOM of both autochthonous and bacterial origin.
The HIX was significantly higher at Site A than at the shelf edge throughout the year apart from spring when differences were not significant (Supplementary Table 2 ). Cross shelf gradients in FI and BIX were less clear and varied seasonally. Results from absorbance and fluorescence indices indicate a gradient in CDOM concentrations and composition persistent on seasonal time scales. High a305 coupled with high SUVA 280 and higher HIX values suggest that at Site A, there were greater concentrations of CDOM and that this material was higher 
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Relationships between DOC, DOM components, CDOM spectral indices and salinity
The relationship between parameters was determined by linear regression analysis (Table 4) . DOC and salinity were negatively correlated in winter and weakly positively correlated in summer. Fluorescence intensity of components C1 and C2 were negatively correlated with salinity throughout the year, the relationships varied seasonally, with the strongest relationships being observed in winter (r 2 = 0.80) (Fig. 8a-d and e-f, respectively). The C4 component was weakly negatively correlated with salinity during autumn and summer and similarly to C1 and C2, the relationship varied between seasons ( Fig. 8i-j) . C3 was not correlated with salinity. The SR was weakly positively correlated with salinity, the relationship varied seasonally and was strongest in spring (r 2 = 0.37), and weakest in summer (r 2 = 0.14). HIX and SUVA 280 were negatively correlated with salinity except in spring, and a305 was negatively correlated with salinity in winter and summer. Although the salinity range sampled across the shelf sea throughout the different seasons was low (< 1), consistent and significant relationships with C1 and C2 indicate the presence of the terrestrially derived end-member. There were strong positive correlations between DOC and C1 and C2 during winter (r 2 = 0.63 and 0.56, respectively) ( Fig. 9b and c, respectively). DOC was also positively correlated with C4 ( Fig. 9a) and S 300-650 during autumn, with a305 in winter and negatively correlated with SUVA 280 in spring and summer (Table 4) . The relationship between DOC and the SR reversed from negative in winter to positive during spring and summer, with the relationship being strongest in spring (r 2 = 0.27).
DOM components C1, C2 and C4 were correlated to spectral indices to varying strengths and during different seasons (Table 4 ). C1 and C2 were negatively correlated with the SR in winter and spring, positive correlations with the HIX in autumn, winter and summer when the relationships were strongest (r 2 = 0.61), and with SUVA 280 and a305 in winter and summer. C4 was positively correlated with SUVA 280 in summer, a305 in spring and summer, with the BIX in autumn and with FI in winter (r 2 = 0.90).
Discussion
Factors driving seasonality in DOC
There was no consistent seasonal trend in DOC at stations sampled in the Celtic Sea. Instead, seasonality was site specific and it is likely that the physical and biogeochemical characteristics at each site were a strong determinant for the patterns observed.
High DOC observed at Site A in autumn is likely due to local production and external inputs. High C3 and BIX values indicate a predominantly biological and bacterial source of DOM, implying the , respectively in March 2015) (Leeuwen, 2017) . At CCS, high DOC concentrations in spring coincided with the highest DOC production rates (Garcia-Martin et al., this issue). Low DOC in summer coincided with the highest bacterial production and lowest bacterial respiration observed at CCS, implying net consumption of DOC by bacteria at this site (Garcia-Martin et al., this issue) . Higher DOC at the shelf edge site in summer probably reflects net production of DOC during sustained productivity following the spring bloom. Lower DOC in winter may reflect the influence of deep or open ocean waters onto the shelf (as noted by (Humphreys et al., this issue, Ruiz-Castillo et al., this issue) , which have lower DOC concentrations relative to shelf waters.
DOC production in autumn, spring and summer at CCS and the shelf edge was greater than bacterial carbon demand (BCD) (Garcia-Martin et al., this issue), and at CCS DOC:DON ranged from 12.4 ± 0.2 in summer to a maximum of 17.0 ± 3.4 in spring (Davis et al., this issue) , greater than the Redfield ratio of 6.6:1 (Redfield, 1934) . However, (Poulton et al., this issue) found that C-overconsumption by phytoplankton was not dominant in the Celtic Sea but instead other biogeochemical processes driven by bacteria and/or zooplankton are likely to create more C-rich material which would contribute to the continental shelf pump. Thus, there is accumulating evidence for the importance of DOM as a vehicle for export of carbon from the shelf sea.
Input of terrestrial OM in the shelf sea
There were strong cross shelf gradients in C1 during all seasons in the Celtic Sea, being consistently higher at Site A and lower at the shelf edge, reflecting input of a terrestrial humic component in the nearshore environment and dilution across the shelf (Murphy et al., 2008 , Kowalczuk et al., 2013 . Seasonal variation in the inverse relationship between C1 and salinity likely reflects seasonality in inputs (Leeuwen, 2017) alongside seasonal changes in physical transport and hydrography (Ruiz-Castillo et al., this issue). Terrestrial humic material is susceptible to photo-degradation and up to 96% of CDOM and 41% of DOC from freshwater sources can be destroyed by solar radiation in the surface mixed layer (Vahatalo and Wetzel, 2004) . C1 was generally lower in the surface, however, no distinct vertical gradients were observed in this study.
DOC and salinity were negatively correlated in autumn (not significant) and winter (r 2 = 0.48, p < 0.05) and positively correlated in spring (not significant) and summer (r 2 = 0.13, p < 0.05). Reversal of the cross shelf gradients and change in slope reflects seasonality in inputs (see Section 4.1), seasonality in transport (Ruiz-Castillo et al., this issue) and biological production and consumption (Garcia-Martin et al., this issue, Poulton et al., this issue). Cross shelf gradients in the slope ratio (SR) provides further evidence for the influence of terrestrially-derived DOM in the Celtic sea. The slope ratio (SR) has been shown to be inversely related to CDOM molecular weight (MW) (Helms et al., 2008) . The persistent weak positive correlation between SR and salinity implies input of terrestriallyderived higher MW DOM at the freshwater end member in contrast to a fresher low MW or photo-degraded DOM pool at the shelf edge (Stubbins et al., 2012) . Correlations between SR and DOC were weak but changed from negative in winter to positive in summer, when DOC and SUVA 280 were also negatively correlated. Indeed, consistently higher values for a305, SUVA 280 and HIX at Site A compared to the rest of the Celtic Sea again provides further evidence for input of terrestrially-derived high MW DOM into the northern Celtic Sea, especially in winter.
In winter, DOC was strongly correlated with C1, when 62% of the DOC distribution was explained by C1 and an intercept value of 46 ± 3 µM indicated that a substantial fraction of DOC (potentially up to 45%) was non-absorbing (Mendoza and Zika, 2014) . However, when employing the salinity DOC winter regression coefficients, there was a large freshwater end member for DOC (1481 ± 252 µM) of which potentially 815 ± 139 µM of DOC was absorbing. This freshwater end member was over three times greater than the average freshwater end member, 465 ± 12 µM of Barron and Duarte (2015) but within the total range reported for freshwater DOC end members (0-2500 µM). Using the slope and intercept values of the relationship between salinity, DOC and C1 (Table 4) , we estimate that a maximum of 25 μM of DOC was of terrestrial origin at CCS in winter, representing 35% of the DOC pool (CCS average salinity of 35.35), being 43% at Site A and 24% at the shelf edge. This estimate is high considering that riverine nitrate and nitrite (N + N) only accounts for up to 10% of total N + N at the CCS site (Ruiz-Castillo et al., this issue) and that CCS is 200 km for the nearest coast and 400 km from the Bristol Channel. The contribution of terrestrially-derived DOM to the open ocean has not been fully quantified, however new insights into the mechanisms for its transport, transformation and fate are emerging (Lauerwald et al., 2012 , Raymond and Spencer, 2015 , Osburn et al., 2016 . There were strong temporal variations in the protein-like components, C3 and C4 linked to productive periods. For example, C4 increased by 91% from autumn to spring at CCS. Even on shorter timescales of hours to days, when net primary production (NPP) increased 3-fold over a period of four days at CCS (from 154 mmol C m , (Poulton et al., this issue) ), C3 and C4 increased rapidly. Despite the strong link to biological production, no correlation between C3 or C4 and chlorophyll a was observed, possibly due to the patchiness in biological activity as observed in measurements of NPP (Poulton et al., this issue) and gross oxygen production (Seguro et al., this issue) . These protein-like components are considered to represent the bioavailable fraction of the DOM pool Tanoue, 2003, Jaffe et al., 2014) , and are commonly attributed to autochthonous in situ production by bacterial and phytoplankton (Vantrepotte et al., 2007 , Murphy et al., 2008 , Mendoza and Zika, 2014 , Danhiez et al., 2017 . Such rapid changes in these components have been observed previous, for example, in the Arctic Ocean following a phytoplankton bloom and in the Florida Everglades (Chen and Jaffe, 2014) .
Winter maxima were observed in the protein-like components, specifically C3 at Site A and CCS and C4 at the shelf edge. The reason for the occurrence of labile DOM in winter in the Celtic Sea is currently unclear but may be due to remineralisation of POM to dissolved labile compounds over the winter period, or the occurrence of stochastic winter blooms, as observed in the subpolar North Atlantic (Lacour et al., 2017) resulting in release of fresh DOM prior to the spring bloom.
Similarly to other studies (Jorgensen et al., 2011 , Kowalczuk et al., 2013 , Mendoza and Zika, 2014 , there was no significant correlation between C3 and salinity, suggesting that the cross shelf distribution of C3 was driven mainly by non-conservative mixing and in situ production. In contrast, C4 was correlated with salinity, as observed elsewhere (Mendoza and Zika, 2014, Pitta et al., 2016) , and at times followed a terrestrial type distribution (Murphy et al., 2008) . C4 also correlated with SUVA 280 , a305, BIX and FI suggest that C4 was produced from substrates of both terrestrial and autochthonous origin.
The increase in a305 and SUVA 280 from winter to spring to summer indicates that there is an increase in the aromaticity of the DOM, which implies an increase in MW or refractory component of DOM. Rather than being indicative of a terrestrial source, we postulate that in situ bacterial processing of the DOM pool is likely to have increased the aromaticity of the DOM (Cuss and Gueguen, 2015, Hansen et al., 2016) , at Site A from winter to summer. This observation highlights the complexity in the DOM pool as both supply and in situ processing operate simultaneously.
Conclusions
This study demonstrated the strength of a multi-dimensional approach incorporating DOM optical properties alongside measurements of DOC in delineating the complexities of the DOM pool in shelf seas.
Seasonality in DOC concentrations was site specific reflecting contrasting physical and biological conditions at each site. Strong cross shelf gradients in C1, C2, SR, a305, SUVA 280 and HIX, as well as strong correlations between salinity and DOC, C1, HIX, SUVA 280 and a305 indicate the input and influence of terrestrially-derived DOM to the DOC pool in the Celtic Sea. Using these correlations, we estimate that terrestrial DOM represented 24, 35 and 43% of the total DOC pool at the shelf edge, CCS and Site A, respectively. Significant temporal variation in C3 and C4, also highlighted the importance of biological production and consumption in influencing DOC concentrations in the Celtic Sea over short (hours to days) and longer (seasonal) timescales.
Site A was strongly influenced by inputs from land and the DOM pool reflected this due to the dominance of high MW and humified DOM. In contrast, the shelf edge was characterised by low MW and fresher DOM. Overall, there is accumulating evidence from this study and other studies on bacterial carbon dynamics (Garcia-Martin et al., this issue), phytoplankton carbon dynamics (Poulton et al., this issue) and the stoichiometry of DOM and POM (Davis et al., this issue) , highlighting the potential importance of the DOM pool as a vehicle for transport of C from the shelf. This study contributes to this emerging idea by providing insight into the seasonality and composition of the DOM pool, thus identifying when the DOM pool is likely to be most efficient at exporting carbon. Further examination is needed on how bacteria and phytoplankton interact with the different DOM pools, both refractory and labile, over the timescales relevant for carbon export from shelf seas. This will help determine the relative magnitude of on shelf processing versus off shelf export of DOM.
